PSEUDOHYPOALDOSTERONISM II (PHAII), also known as familial hyperkalemia and hypertension or Gordon's syndrome, is a Mendelian form of disorder featuring hypertension, hyperkalemia, mild metabolic acidosis, and low levels of plasma renin (9, 17) . Two genes in the With-No-lysine (K) (WNK) serine/ threonine kinase family, WNK1 and WNK4, are associated with PHAII (27) . In contrast to the intronic deletion mutations in WNK1, PHAII mutations in WNK4 are missense mutations (27) . Most PHAII-causing WNK4 mutations are clustered within an "acidic motif" rich in negatively charged amino acid residues following the kinase domain with the exception of R1185C, which is located in the COOH-terminal region of WNK4 (27) . Patients carrying the R1185C mutation manifest hyperkalemia, hyperchloremic acidosis, and normal blood pressure (1) . In vitro studies indicate that WNK4 acts as an integrative regulator of renal electrolyte transport pathways including Na ϩ (28, 31), K ϩ (13), Cl Ϫ (12) , and Ca 2ϩ (11) . The R1185C mutation partially relieved the suppression of the surface expression of Na ϩ -Cl Ϫ cotransporter (NCC) by WNK4, albeit to a lesser extent than the E562K mutation in the acidic motif (3) . The distinct location of R1185C mutation indicates that it likely disrupts a unique regulatory element(s) in WNK4. However, it is unclear what regulatory element(s) is involved.
WNK4 has been shown to be regulated by the renin-angiotensin-aldosterone system (5, 22, 24, 25) . Infusion of angiotensin II (ANG II) induces phosphorylation of the thiazidesensitive NCC within 30 min in mice (24) . The absence of WNK4 in a WNK4 knockout mouse strain precludes the NCC and SPAK phosphorylation promoted by a low-salt diet or ANG II infusion, suggesting that the ANG II action on the NCC occurs via a WNK4-SPAK-dependent signaling pathway in vivo (5) . In the Xenopus laevis oocyte system, ANG II exerts a positive effect on NCC via AT 1 through WNK4-SPAK (STE20/SPS1-related proline/alanine-rich kinase) pathway (22) . PHAII mutations in the acidic motif abolish the response of WNK4 to ANG II (22) . We recently found that WNK4 kinase activity is regulated by Ca 2ϩ ions and the PHAIIcausing mutations in the acidic motif alleviate this regulation (14) . Because stimulation of ANG II receptor AT 1 -dependent activation mechanism of WNK4 is a critical link in ANG II signaling. Disruption of this mechanism by PHAII mutations in the acidic motif may permanently "switch on" WNK4, leading to disease. It is unclear, however, whether the R1185C mutation also disrupts a Ca 2ϩ -dependent regulatory mechanism in WNK4.
In addition to a direct regulation by ANG II, WNK4 may also be regulated by the serum-and glucocorticoid-induced protein kinase (SGK1), which is induced by aldosterone in the kidney (2) . Two SGK1 phosphorylation sites, S1169 and S1196, have been identified in mouse WNK4 (mWNK4) (20, 21) . These sites correspond to S1190 and S1217, respectively, in human WNK4 (hWNK4). S1169 is situated within an SGK1 phosphorylation consensus site, RXRXXS/T, and is able to be phosphorylated by SGK1 in vitro (20) . Phospho-mimicking S1169D mutation alleviates the inhibition of the epithelial Na ϩ channel (ENaC) and the renal outer medullary K ϩ channel (ROMK) by WNK4 (20) . The R1185C mutation is situated at the -5 position relative to the SGK1 phosphorylation site S1190 ( 1185 RQRRLS 1190 in hWNK4, corresponding to 1164 RQRRLS 1169 in mWNK4). Thus, this mutation might result in a disruption of phosphorylation of WNK4 by SGK1 and, in turn, a dysregulation of WNK4 targets.
In this study, we aimed at the mechanism disrupted by the R1185C mutation. We identified a calmodulin (CaM) binding site in WNK4 that harbors this mutation. The R1185C mutation reduces CaM binding to WNK4. We also found that the phosphorylation of WNK4 by SGK1 is affected by the R1185C mutation. We chose Na ϩ -K ϩ -2Cl Ϫ cotransporter 2 (NKCC2) to assess WNK4 activity because it exhibits a more stable response to WNK4 than NCC, the primary target of WNK4. The R1185C mutation increases the positive effect of WNK4 on NKCC2 in X. laevis oocytes. Functional studies indicate that the R1185C mutation-induced changes in both the CaM binding and the SGK1 phosphorylation sites reflect the perturbation of an inhibitory domain of WNK4 by this mutation.
MATERIALS AND METHODS
cDNA constructs. The human WNK4 cDNA was a generous gift from Dr. Xavier Jeunemaitre and was used previously (11) . The cDNA for mouse NKCC2 (BC016888) was purchased from Open Biosystems (Huntsville, AL). To detect protein expression of NKCC2, a hemagglutinin epitope (HA-tag) was added to its NH 2 terminus using a PCR-based approach. The cDNA was subcloned into the X. laevis oocytes expression vector pIN (32) . The monomeric red fluorescent protein (mRFP) cDNA was a generous gift from Dr. Roger Tsien. cDNAs for rat CaM and the Ca 2ϩ binding-deficient mutant with D to A mutations in all four EF hands (29) (named as CaM 1-4 in this study) were kindly provided by Dr. John Adelman. They were subcloned into X. laevis oocyte expression vector pIN (11) with HA-tag or GST-tag.
GST fusion proteins. GST fusion proteins of human WNK4 were generated using a PCR-based approach and mutations were introduced using the QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) following the manufacturer's instruction. All mutations were confirmed by sequencing. GST fusion WNK4 segments and corresponding mutations were subcloned into pGEX-6p-1 vector (GE Healthcare, Piscataway, NJ). GST and GST-WNK4 fusion proteins were expressed in Escherichia coli BL21. After being induced with 0.1 mM isopropyl-␤-D-thiogalactopyranoside, cells were collected and lysed by sonication. GST and GST fusion proteins were purified using Glutathione Sepharose 4B MicroSpin column (GE Healthcare).
Western blot analysis. Western blot analyses were performed as described previously (11) . Monoclonal anti-HA antibody (product no. H9658, 1:5,000 dilution) was purchased from Sigma (St. Louis, MO). Rabbit anti-WNK4 antibody (WNK41-S, 1:1,500 dilution) was purchased from Alpha Diagnostic International (San Antonio, TX). Rabbit anti-CaM antibody (sc-5537, 1:1,000 dilution) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Chemiluminescence was detected using a SuperSignal West Femto Maximum Sensitivity Substrate kit (Pierce Biotechnology, Rockford, IL) in accordance with the manufacturer's protocol.
In vitro kinase assay. To assess SGK1 phosphorylation activity, 2 g of each GST fusion protein were incubated with 20 ng of active SGK1 (␦1-59, S422D, product no. 14 -331, Millipore, Billerica, MA) or inactive SGK1 (S422D, product no. 14 -332, Millipore) in 25-l reaction buffer containing 0.5 Ci [␥-32 P]ATP (PerkinElmer, Waltham, MA), 50 mM Tris·HCl (pH 7.5), 10 mM MgCl2, 1 mM DTT, at 30°C for 30 min. The reactions were then terminated with 5 l of 6ϫ electrophoresis sample buffer and the samples were subjected to SDS-PAGE (12% polyacrylamide). After being transferred to PVDF, the incorporation of radioactive phosphate was assessed by autoradiography. Parallel to the kinase assay reaction, equal amounts of GST fusion proteins were subjected to SDS-PAGE and Coomassie Blue staining as equal loading control. The intensities of the bands were analyzed using Gel-Pro Analyzer 4.0.
GST pull-down assay. X. laevis oocytes were injected with cRNAs encoding GST (as control), GST-CaM, or GST-CaM 1-4 together with HA-WNK4 or HA-WNK4
⌬CaM (with deletion of amino acids 1175-1194) and were cultured in 0.5 ϫ L-15 medium at 18°C. Two days after injection, 50 oocytes were lysed with lysis buffer at 20 l/oocyte. After vigorous vortex, the oocytes were centrifuged at 3,500 g for 10 min at 4°C to remove the cellular debris and yolk proteins. The supernatants were incubated with 50 l of 1:1 slurry glutathione Sepharose (GE Healthcare). After being rocked at 4°C for 2 h, the Sepharose beads were washed 3 times with 500-l lysis buffer supplemented with protease inhibitor cocktail. Then, GST, GST-CaM, or GST-CaM 1-4 proteins were eluted from Sepharose beads by incubation with 10 mM L-glutathione reduced for 1 h at 4°C. Both the supernatants and the proteins bound to the Sepharose beads were, respectively, subjected to SDS-PAGE. The proteins were transferred from the SDS-PAGE to PVDF membrane and immunoblotting experiments were carried out with anti-GST (27-4577-01, GE Healthcare, 1:2,000 dilution) and anti-HA (H9658, Sigma, 1:5,000 dilution) antibodies to determine HA-WNK4 constructs associated with GST fusion CaM constructs.
Fluorescent microscopy. HeLa cells (CCL-2, American Type Culture Collection, Manassas, VA) were seeded and cultured in coverslips and put into six-well plates for 18 to 24 h to reach 90% confluency. Cells were then transfected with 1 g/well total plasmid DNA containing 0.75 g pLenti4-FLAG-EGFP-WNK4 and 0.25 g pmRFP-CaM using GenJet In Vitro DNA Transfection Reagent for HeLa Cell (Ver. II, SignaGen Laboratories, Ljamsville, MD). The former plasmid contains enhanced green fluorescent protein (EGFP) fused with WNK4 in pLenti4 vector (Invitrogen, Carlsbad, CA) and the latter is a homemade vector containing mRFP-fused CaM. Two days later, cells were washed with PBS for three times, fixed by 0.5% paraformaldehyde (in PBS) for 15 min, and then washed again with PBS for five times. Images of EGFP-WNK4 and mRFP-CaM in cells were captured using a Leica DC500 12-megapixel camera and Leica DMIRB fluorescence microscope (Leica Microsystems, Heerbrugg, Switzerland) with a FITC filter (blue, 450 -490 nm/LP515) for EGFP and subsequently with a rhodamine filter (green, 515-560 nm/LP590) for mRFP.
Pull-down assay with CaM-agarose beads. CaM-agarose beads were purchased from Sigma and the experiments were performed following the manufacturer's instruction. Briefly, CaM-agarose beads were equilibrated in binding buffer with 2 mM CaCl2 or 1 mM EGTA. GST and GST-fused WNK4 segments were incubated with CaM-agarose beads for 30 min at room temperature (RT) followed by three washes with the corresponding buffers. Proteins bound to CaM-agarose beads were eluted with elution buffer and then subjected to SDS-PAGE Coomassie Blue staining.
Fluorometric measurements with dansyl-CaM. Dansyl-CaM was synthesized following the reported protocol (26) . Briefly, CaM (1 mg) was dissolved in 1 ml of 20 mM NH4HCO3, pH 7.5, and Ca 2ϩ was added to a final concentration of 1 mM. Dansyl chloride in acetone was added to a final concentration of 50 M. The mixture was kept at room temperature for 2 h and was vortexed every 20 min. The resulted dansyl-CaM was dialyzed overnight in 20 mM NH4HCO3, pH 7.5. The GST and GST-WNK4 1163-1243 fusion protein were produced using E. coli BL21 and were purified as described earlier. The proteins were also dialyzed overnight in 20 mM NH4HCO3, pH 7.5. Fluorescence emission spectra was monitored at 20°C on an ISS PC1 photon-counting spectrofluorometer (ISS, Champaign, IL) in the presence of 20 mM NH4HCO3, pH 7.5, 400 nM dansyl-CaM, and 400 nM GST-WNK4 1163-1243 or GST (as control) and 1 mM Ca 2ϩ or 2 mM EGTA. The excitation wavelength was 340 nm, and the emission spectra were recorded from 400 to 650 nm using a band pass of 3 nm on both excitation and emission monochromators. 35 S]-CaM. The stripes were air dried and exposed to X-ray films. The relative intensities of the bands were analyzed using Gel-Pro Analyzer 4.0 (Media Cybernetics, Bethesda, MD). Na ϩ uptake assay. The animal protocol used in this study was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Alabama at Birmingham. X. laevis oocytes were collected as previously described (11) . Oocytes were microinjected with in vitro transcribed complementary RNAs (cRNAs) of NKCC2 alone or with wild-type (WT) WNK4, R1185C mutant, WNK4 ⌬CaM mutant, or mutant with mutations in SGK1 sites at 6.25-12.5 ng/oocyte. Two days after injection, NKCC2 activity was assessed by 22 Na ϩ tracer uptake in isotonic uptake solution in the presence or absence of bumetanide as reported (18), but without Cl Ϫ -free treatment. Bumetanide-sensitive Na ϩ uptake is defined as the difference between uptake values in the presence and in the absence of bumetanide. After being lysed by 10% SDS, radioactivity of each oocyte was determined using a scintillation counter. Statistical significance is defined as P Ͻ 0.05 by Student's t-test or Mann-Whitney Rank Sum Test using SigmaPlot 10 (Systat Software, Chicago, IL).
RESULTS

PHAII-causing R1185C mutation is situated within a CaM binding site in WNK4.
To identify potential regulatory mechanisms relevant to the intracellular Ca 2ϩ signaling pathway, we used an online CaM target database to analyze the sequence of WNK4 (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html). Two potential CaM binding sites in WNK4 were identified. The first (amino acids 505-523) is close to a cluster of PHAII-causing mutations (E562K, D564A, and Q565E). The second (amino acids 1175-1194) contains R1185, the site for a PHAII mutation, and S1190, an SGK1 phosphorylation site (20) . GST fusion protein of either WNK4 492-552 or WNK4 1163-1212 was capable of binding to CaM-agarose beads in the presence of Ca 2ϩ (Fig. 1A) . The CaM binding abilities of the two sites were further assessed by overlaying 35 S-labeled CaM on GST fusion WNK4 segments (Fig. 1B) . The WNK4 492-602 segment contained sites for PHAII mutations within the acidic motif, whereas the 1163-1243 segment contained S1190 and S1217, two SGK1 phosphorylation sites (20, 21 (Fig. 1C) . This supports that 1175-1194 is a CaM binding site in GST-WNK4 1163-1243. The GST-WNK4 1163-1212 construct also bound to dansyl-CaM (Fig. 1D) , resulting in an increase in fluorescence intensity and a shift to shorter wavelengths, features of interaction between a protein and dansyl-CaM (26) . A helical wheel projection of WNK4 1175-1192 shows a typical feature of a CaM binding site with one side of the helix positively charged and the other side composed of hydrophobic amino acid residues ( Fig. 1E ) (15) . Thus, WNK4 1175-1192 consistently exhibited the features of a bona fide CaM binding site and was further analyzed in this study.
We then used a GST pull-down approach to examine the interaction between GST-tagged CaM and HA-tagged WNK4 constructs. A Ca 2ϩ binding-deficient CaM mutant with mutations in its four EF hands (CaM 1-4) (29) and a WNK4 construct with deletion in amino acids 1175-1194 (WNK4 ⌬CaM ) were also utilized to examine the association between CaM and WNK4. WT GST-CaM pulled down WT HA-WNK4 but not HA-WNK4
⌬CaM ; GST or GST-CaM 1-4 pulled down neither ( Fig. 2A ). This indicated that the CaM binding site in WNK4 is necessary for its association with CaM. To confirm that the interaction between WNK4 and CaM occurs in cells, we cotransfected EGFP-tagged WNK4 and mRFP-tagged CaM into HeLa cells. EGFP-WNK4 showed a punctate distribution pattern, whereas mRFP-CaM was ubiquitously distributed in the cell. They exhibited colocalization in the perinuclear region of the cell (Fig. 2B) .
R1185C mutation reduces CaM binding to WNK4. The R1185C mutation eliminates a positive charge carried by arginine (R) and is expected to affect CaM binding ability (Fig.  1E) . Indeed, R1185C mutation reduced the binding of GST-WNK4 1163-1212 fragment to CaM-agarose beads (Fig. 3A) . Similarly, binding of 35 S-labeled CaM to GST-WNK 1163-1243 was decreased by 45.0 Ϯ 8.9% in the presence of R1185C mutation (Fig. 3B) . The R1185C mutation resulted in a lower level of CaM binding at any [Ca 2ϩ ] tested (Fig. 3C ). R1185C mutation reduces the phosphorylation of WNK4 by SGK1. The R1185C mutation is close to SGK1 phosphorylation sites, S1190 and S1217 (hWNK4 numbering, corresponding to S1169 and S1196, respectively, in mWNK4), in the COOH-terminal region of WNK4 (20, 21) . We next determined whether the phosphorylation of WNK4 by SGK1 in the COOH-terminal region is altered by the R1185C mutation using in vitro kinase assay. The GST-WNK4 1163-1243 fragment containing both S1190 and S1217 was phosphorylated by active SGK1 but not by inactive SGK1 (Fig. 4, left) . A 61.8 Ϯ 4.6% reduction in the phosphorylation intensity was observed in the presence of the R1185C mutation (Fig. 4, right) .
Identification of a novel SGK1 phosphorylation site affected by Ca 2ϩ /CaM. Because the two previously identified SGK1 phosphorylation sites are either in or close to the CaM binding site, we compared the Ca 2ϩ /CaM dependence of SGK1 phosphorylation between WT WNK4 and the R1185C mutant (Fig. 5A ). In the presence of 50 M Ca 2ϩ , phosphorylation of WT WNK4 1163-1243 by SGK1 was dose dependently suppressed by CaM; in contrast, that of the R1185C mutant was less sensitive to CaM (Fig. 5A) . We next examined which of the two SGK1 phosphorylation sites was decreased by Ca 2ϩ /CaM by introducing S1190A or S1217A mutation (Fig. 5B) . Even when both sites were mutated, GST-WNK4 1163-1243 was still phosphorylated by SGK1 (Fig. 5B) . Furthermore, the phosphorylation was still inhibited by Ca 2ϩ /CaM in the presence of double mutations (Fig. 5B) . This indicated that a novel SGK1 site is present in the 1163-1243 region of WNK4 and its phosphorylation is suppressed by Ca 2ϩ /CaM. By examining all the serine/threonine residues within 1163-1243 of WNK4, we found that S1201 is in an RRXS motif ( 1198 RRNS
1201
) similar to the previously identified SGK1 sites ( 1187 RRLS 1190 and 1214 RRNS 1217 ; Fig. 5C ). Phosphorylation by SGK1 was completely abolished when all the three SGK1 sites in the GST-WNK4 1163-1243 were mutated to alanine (Fig. 5D ). This confirmed that S1201 is a novel SGK1 phosphorylation site in the WNK4 COOH-terminal region.
To determine phosphorylation at which of the three SGK1 phosphorylation sites is affected by Ca 2ϩ /CaM, we performed in vitro phosphorylation using GST-WNK4 1163-1243 constructs containing double serine mutations that allow phosphorylation in only one of the three SGK1 sites. Because each site exhibited different SGK1 phosphorylation intensity, we exposed X-ray films in different durations to maintain the intensity at comparable level. As shown in Fig. 5E , SGK1 phosphorylation of S1201 was suppressed greatly by Ca 2ϩ /CaM. In contrast, phosphorylation at S1190 or S1217 was only slightly affected by Ca 2ϩ /CaM (Fig. 5E ). It is unclear why S1201 was more affected by Ca 2ϩ /CaM than the other two sites. R1185C mutation suppresses phosphorylation at S1190 and S1217 and enhances that at S1201. SGK1-mediated phosphorylation at WNK4 COOH-terminal region was decreased by the R1185C mutation (Fig. 4) ; however, it was unclear how this mutation alters phosphorylation at individual SGK1 sites. To clarify this issue, we performed in vitro phosphorylation assays using GST-WNK4 1163-1243 constructs containing double serine mutations that allow SGK1 phosphorylation at only one of the three SGK1 sites (Fig. 6A) . In the WT constructs, the level of phosphorylation increased in the following order: S1190, S1201, and S1217 (Fig. 6A, left) . In the presence of R1185C mutation, phosphorylation at S1190 was completely eliminated and S1201 became the most intensely phosphorylated among the three sites (Fig. 6A, right) . The R1185C mutation eliminates the arginine (R) at -5 position of S1190 in the classic SGK1 phosphorylation consensus sequence ( 1185 RQRRLS 1190 ); this is likely the reason for the absence of phosphorylation at S1190 in the R1185C mutant. It is unclear how the level of phosphorylation intensity at S1201 or S1217 was altered by the R1185C mutation.
We next examined whether the disruption of phosphorylation at S1190 affects the phosphorylation at other sites. We mimicked the nonphosphorylated or phosphorylated states using alanine (A) or aspartate (D) substitution at S1190, respectively, and evaluated the phosphorylation of S1201 by SGK1 1-3) . After the CaM binding site (amino acids 1175-1194) was removed (HA-WNK4 ⌬CaM ), the association between HA-WNK4 and GST-CaM was abolished (right, lanes 4 -6) . The presence of GST, GST-CaM, GST-CaM 1-4, HA-WNK4, and HA-WNK4 ⌬CaM in oocyte total lysates was detected by Western blot using antibodies against GST and HA, respectively (left). Data shown are representative of 2 to 3 experiments. B: enhanced green fluorescent protein (EGFP)-tagged WNK4 (EGFP-WNK4) and monomeric red fluorescent protein-tagged CaM (mRFPCaM) were transiently cotransfected into HeLa cells. After 24 h, cells were fixed and images were captured by fluorescence microscopy (original magnification ϫ200). ( Fig. 6B) . In either GST-WNK4 1163-1212 (without S1217 site; Fig. 6B, top) or GST-WNK4 1163-1243 (with the S1217A mutation) segment (Fig. 6B, bottom) , the level of phosphorylation at S1201 by SGK1 was significantly higher with the S1190A mutation than with the S1190D mutation. Similarly, the phosphorylation of S1217 by SGK1 was much higher with the S1201A mutation than with S1201D mutation (Fig. 6C) . Based on these results, it is likely the R1185C mutation blocks the phosphorylation of S1190, which will in turn alleviate the inhibitory effect on the phosphorylation of S1201. The increased phosphorylation at S1201 further leads to the suppression of phosphorylation at S1217 (Fig. 6D ). This coincides with the phosphorylation intensities observed at the three sites without or with the R1185C mutation (Fig. 6A) .
CaM binding site suppresses WNK4-mediated regulation on NKCC2. We next evaluated the alterations caused by the R1185C mutation on WNK4-mediated regulation. Because NKCC2 colocalizes with WNK4 in the cortical thick ascending loop of Henle (16), we examined whether NKCC2 is regulated by WNK4. WT WNK4 increased NKCC2-mediated Na ϩ uptake when expressed in X. laevis oocytes, and this effect was further increased by the R1185C mutation (Fig. 7A) . We thus used this system to evaluate the CaM binding site and the SGK1 phosphorylation sites on WNK4 activity.
CaM is endogenously expressed in X. laevis oocytes (4, 6 (14) . We thus tested the effect of WNK4 on NKCC2 in the absence of the CaM binding site using the
WNK4
⌬CaM construct (Fig. 7B) . The WNK4 exhibited the highest ability to enhance the Na ϩ uptake activity of NKCC2 in the absence of its CaM binding site (Fig. 7B) . Thus, it is likely that the CaM binding site suppresses WNK4 activity and the R1185C mutation disrupts the suppression, leading to an increase in the positive effect of WNK4 on NKCC2.
Phospho-mimicking at multiple SGK1 sites increases WNK4-mediated regulation on NKCC2. We next examined whether the effect of R1185C mutation on the regulation of NKCC2 by WNK4 is also caused by the differential phosphorylation at the SGK1 phosphorylation sites. When all the three SGK1 sites were mutated to alanine (A), the effect of R1185C mutation to enhance the regulation of WNK4 on NKCC2 was unchanged (Fig. 7C ). This indicated that the effect of R1185C on NKCC2 is not due to the difference in the phosphorylation at the three SGK1 phosphorylation sites. None of the individual phosphomimicking mutations altered the regulation on NKCC2 significantly either in WT or R1185C background (Fig. 7C) . However, double (DAD) and triple (DDD) mutations significantly increased bumetanide-sensitive Na ϩ uptake of NKCC2 over control in WT background (Fig. 7C) . The difference between WT and R1185C diminished in the presence of triple mutations (Fig. 7C) . Based on the results of Fig. 6A , DAD and ADA may best represent the difference between WT and R1185C in phosphorylation by SGK1, respectively. WT DAD still exhibited significantly higher activity in regulating NKCC2 than R1185C ADA, but the difference became much smaller (Fig. 7C) .
DISCUSSION
In this study, we provide evidence that the R1185C mutation disrupts a CaM binding site at the WNK4 COOH-terminal region and alters the phosphorylation of WNK4 by SGK1. The R1185C mutation is located in the middle of the CaM binding site, and the mutation reduces the Ca 2ϩ /CaM binding ability of WNK4. The R1185C mutation reduces SGK1 phosphorylation at S1190 and, in turn, increases phosphorylation at S1201 and decreases phosphorylation at S1217 due to the antagonistic effects of phosphorylation at neighboring sites. The increased positive regulation of NKCC2 by the WNK4 R1185C mutant is likely due to the perturbation of an inhibitory domain in WNK4. The CaM binding and SGK1 phosphorylation sites are likely regulatory elements in the inhibitory domain in response to the increase in [Ca 2ϩ ] i and SGK1, respectively. Both the CaM binding site (1175-1194) and the SGK1 phosphorylation sites (S1191, S1201, and S1217) are localized in a conserved region in the COOH terminal of WNK4. This region likely plays a key role in regulating WNK4 activity. Deletion of CaM binding site or phospho-mimicking at multiple SGK1 phosphorylation sites all resulted in an augment of the effect of WNK4 on NKCC2 (Fig. 7) . This indicates that this region suppresses WNK4 activity at baseline. The suppression might be relieved by Ca 2ϩ /CaM binding and/or phosphorylation at the SGK1 sites, although further investigation is necessary in this regard. These regulatory elements are likely instrumental in responding to the activation of the reninangiotensin-aldosterone system. II receptor AT 1 , which couples to G q/11 to activate phospholipase C and to increase the [Ca 2ϩ ] i (7) . ANG II switches the negative effect of WNK4 on NCC into a positive one in the presence of AT 1 in X. laevis oocyte system (22) . The underlying mechanism is unclear but it may involve the Ca 2ϩ -sensing mechanism around the acidic motif to activate WNK4 kinase in response to the elevation of [Ca 2ϩ ] i caused by ANG II (14) . Interacting with Ca 2ϩ ions by the acidic motif might relieve an inhibitory mechanism on WNK4 kinase activity (14) . In addition, the CaM binding site of WNK4 may also sense the elevated nases, such as CaM KI, CaM KII, and CaM KIV (10). However, the CaM binding site is usually close to the inhibitory domain and the kinase domain in these kinases. In the case of WNK4, there is a potential CaM binding site at amino acids 505-523 (Fig. 1) , which is close to the putative autoinhibitory domain (amino acids 466 -489) (30) . However, further evidence is needed to demonstrate its functionality. The CaM binding site/inhibitory domain at the COOH-terminal region is likely an additional layer of Ca 2ϩ -dependent regulatory mechanism in WNK4 in addition to that around the acidic motif. The R1185C mutation may disrupt the interaction between the CaM binding site and the kinase domain, and meanwhile its ability to interact with Ca 2ϩ /CaM is also decreased, resulting in a reduced inhibition of WNK4 activity at baseline. This is supported by our results (Fig. 7B) that removal or disruption of the CaM binding site by R1185C mutation increased the regulation of NKCC2 by WNK4. In contrast, phosphorylation of R1185C mutant by SGK1 was less sensitive to CaM. Data from 3 independent experiments are normalized to the value of CaM at 0.125 M in the bottom. *P Ͻ 0.05 vs. WT group. B: suppression of SGK1 phosphorylation by Ca 2ϩ /CaM (50 M/5 M) was unaltered by S1190A, S1217A, or both mutations in GST-WNK4 1163-1243. Double mutation of the 2 SGK1 sites did not completely eliminate the phosphorylation of this segment by SGK1. C: S1201 is within an RRXS motif, in which the 2 known SGK1 phosphorylation sites (S1190 and S1217, marked with *) are located. These motifs are conserved between human (h) and mouse (m) WNK4. D: triple mutation in S1190, S1201, and S1217 abolished the phosphorylation of GST-WNK4 1163-1243 segment by SGK1. E: Ca 2ϩ /CaM (50 M/5 M) greatly suppressed the phosphorylation of S1201 by SGK1 compared with the other 2 SGK1 phosphorylation sites (S1190 and S1217). In vitro SGK1 phosphorylation experiments were performed with WT (S1190/S1201/S1217) and mutant GST-WNK4 1163-1243 constructs. WT contained no mutations, S1190 contained S1201A and S1217A mutations, S1201 contained S1190A and S1217A mutations, and S1217 contained S1190A and S1201A mutations. Results were confirmed in 2 other experiments. Wild-type R1185C S1201 S1217 S1217 R1185 C1185 
Wild-type R1185C
kDa kDa S1190A S1190A S1201A S1201A S1217A S1217A
-- . R1185C mutation affected SGK1 phosphorylation sites of WNK4 COOH terminal differently. A: SGK1 phosphorylation intensity of S1217 site was the strongest among the 3 SGK1 sites and S1190 was the weakest in WT GST-WNK4 1163-1243 fragment in the absence of Ca 2ϩ /CaM (left). In the presence of the R1185C mutation, phosphorylation of S1190 was undetectable, phosphorylation of S1201 was significantly increased, and phosphorylation of S1217 was greatly inhibited (right). The band intensities normalized to controls (without mutations in the 3 SGK1 sites) from 3 experiments are shown in the bottom panels. B: phospho-mimicking mutation S1190D suppressed S1201 phosphorylation by SGK1 in either GST-WNK4 1163-1212 or GST-WNK4 1163-1243 segment. Summaries of the band intensities from 3 experiments are shown at right. C: phospho-mimicking mutation S1201D significantly inhibited the phosphorylation of S1217 by SGK1 in GST-WNK4 1163-1243 segment. Summaries of the band intensities from 3 experiments are shown at right. *P Ͻ 0.05 between the 2 groups. D: summary of Ca 2ϩ /CaM binding and phosphorylation by SGK1 in the COOH terminal of WNK4. The degree of phosphorylation is indicated by the size of letter "P." The thickness of lines indicates the relative strength of action.
The SGK1 phosphorylation sites in WNK4 may mediate the effect of aldosterone. In response to ANG II, SGK1 expression is induced by aldosterone (2). Phosphorylation of WNK4 by SGK1 at multiple sites in the COOH-terminal region relieves the inhibition of WNK4 activity, and in turn increases the activity of NKCC2. It is likely phosphorylation at the SGK1 site relieves the inhibition on the WNK4 kinase activity, which is necessary to regulate SLC12 family members via the OSR1/ SPAK (8) . This is consistent with the observation that aldosterone mediates the long-term effect of ANG II on the phosphorylation of OSR1 and NCC in mice (24) . It is possible that the CaM binding site and the SGK1 phosphorylation sites are all parts of the same inhibitory domain. Phosphorylation by SGK1 at multiple sites likely also disrupts the binding of this inhibitory domain to the kinase domain, resulting in an elevation of kinase activity. Thus, the same inhibitory domain of WNK4 might be the target of both acute and long-term actions of ANG II via Ca 2ϩ /CaM and SGK1-mediated phosphorylation, respectively. More studies are needed to elucidate the exact mechanisms.
We observed significant effects on NKCC2 only by mimicking phosphorylation at multiple SGK1 sites. This does not exclude the effect of phosphorylation at single SGK1 site on other electrolyte transport proteins. Phospho-mimicking at S1169 of mWNK4 (corresponding to S1190 in hWNK4) relieves the inhibition of ENaC and ROMK by WNK4 (20) . The effects of WNK4 on ENaC and ROMK appear to be independent of the kinase activity of WNK4 (13, 19) . Therefore, a different mechanism might be responsible for the effects of phosphorylation at S1169 of mWNK4 on ENaC and ROMK.
The results shown in Fig. 7C also suggest that the WNK4 activity positively correlates with the number of phosphorylated serine residues at the SGK1 phosphorylation sites. This is consistent with the hypothesis that the SGK1 sites are situated within an inhibitory domain of WNK4 and phosphorylation at SGK1 sites relieves the inhibition in a dose-dependent manner. The fact that R1185C mutation is close to the SGK1 sites suggests that this mutation disrupts the same inhibitory domain. The elevated ability of the R1185C mutant to regulate NKCC2 remained in the absence of phosphorylatable serine residues at these SGK1 sites (Fig. 7C) , indicating that altered phosphorylation preference at the SGK1 sites caused by the R1185C mutation (Fig. 6A) is not the cause of the elevated activity of R1185C mutant. However, altered phosphorylation status may provide additional changes in response to the induction/activation of SGK1 in the context of R1185C mutation. Further studies using specific antibodies against phosphorylated serine residues at these sites are necessary to confirm the alteration of phosphorylation preference due to R1185C mutation. Additionally, phospho-mimicking serine to aspartate mutation may not fully represent phosphorylation at the SGK1 sites. Again, phosphorylation-specific antibodies for these sites are needed to correlate the phosphorylation status of WNK4 with the activities of NKCC2 and other ion transport proteins.
Loss-of-function mutations in NKCC2 cause Bartter's syndrome featuring hypokalemic alkalosis, normal to low blood pressure (23) . As a mirror image of Bartter's syndrome, PHAII caused by the R1185C mutation could also be a consequence of the gain-of-function in NKCC2. The increased activity of NKCC2 by the R1185C mutation is consistent with the hypothesis proposed by Gordon and colleagues (9) that the primary defect in PHAII is the excessive Na ϩ reabsorption at a site in the nephron proximal to the collecting duct. In addition, the R1185C mutation completely eliminates SGK1 phosphorylation at S1190 (S1169 in mWNK4; Fig. 6A ). Phos- . R1185C mutation in WNK4 increased Na ϩ -K ϩ -2Cl Ϫ cotransporter 2 (NKCC2)-mediated Na ϩ uptake by disrupting an inhibitory domain containing the CaM binding site. A: R1185C mutation enhanced the positive regulation of WNK4 on NKCC2-mediated Na ϩ uptake in X. laevis oocytes. WT WNK4 upregulated NKCC2-mediated 22 Na ϩ uptake (top). R1185C mutation further enhanced the positive regulation of WNK4 on NKCC2 activity. Data are expressed as means Ϯ SE from 4 independent experiments. *P Ͻ 0.05 vs. NKCC2 alone group. #P Ͻ 0.05 vs. NKCC2 ϩ WT WNK4 group. Open bar, in the presence of 0.1 mM bumetanide; filled bar, in the absence of bumetanide. B: evaluation of the CaM binding site of WNK4 on bumetanide-sensitive 22 Na ϩ uptake mediated by NKCC2. WT, R1185C, and WNK4 mutant with the CaM binding site (amino acids 1175-1194) deletion (⌬CaM) were used in the experiments. Data are derived from 34 -49 oocytes in 3 to 4 independent experiments and are expressed as means Ϯ SE. Unless indicated, data are not significantly different (P Ն 0.05) and are indicated with the same letter. Equal expression of WNK4 constructs was verified by Western blot analyses with WNK4 antibody (bottom). C: evaluation of phospho-mimicking aspartate (D) mutations at S1190, S1201, and S1217 on bumetanide-sensitive 22 Na ϩ uptake mediated by NKCC2. WT and R1185C mutant-containing mutations at the 3 phosphorylation sites are listed in single letter code in the order of their position (S, serine; A, alanine; D, aspartate). NKCC2 was expressed in all groups. Data are derived from 26 -57 oocytes in 2 to 4 independent experiments and are expressed as means Ϯ SE. The groups that are not significantly different (P Ն 0.05) are marked with the same letter. Except for DDD group, WT is significantly different (P Ͻ 0.05) from R1185C. Bottom: representative Western blot analysis with antibody against WNK4 showing the equal expression of WNK4 WT and mutants.
pho-mimicking S1169D mutation relieves the inhibitory effect of mWNK4 on ENaC and ROMK (20) . Therefore, the inhibitory effect of WNK4 on ENaC and ROMK is likely maintained in the presence of the R1185C mutation. This will contribute to hyperkalemia.
We utilized the Na ϩ uptake activity of NKCC2 as a measure of WNK4 activity. This experimental setting may not fully reflect all regulatory actions of WNK4. WNK4 may exert stimulatory and/or inhibitory effects on renal transport proteins. The stimulatory effect involves the activation of SPAK/ OSR1, which in turn phosphorylates their substrates such as NCC (8, 24) . The inhibitory effect involves a lysosomal degradation pathway (3). In our system, it is likely that the stimulatory effect of WNK4 on NKCC2 plays a dominant role. Our results do not exclude the possibility that the R1185C mutation and its associated changes in CaM binding and SGK1 phosphorylation may have effects on other ion transport proteins, which are not tested in this study. Furthermore, the X. laevis oocyte system used in this study may not fully reflect what occurs in renal tubular cells and one action of WNK4 might be exaggerated over another. Therefore, an integration of results from different systems, including those from biochemical reactions, epithelial cells, and animal models, would be necessary to further illustrate the effects of R1185C mutation on WNK4 activity and how the alterations in WNK4 property result in disordered electrolyte transport.
We did not examine the effects of R1185C and related mutants of WNK4 on NCC because of technical issues. Our NCC construct exhibited low activity without pretreatment with chloride-free solution. Furthermore, we could not obtain stable inhibitory effect of WNK4 on NCC in X. laevis oocytes as reported by others (28, 31) . This made it difficult to assess the effects of CaM binding and SGK1 phosphorylation sites of WNK4 using NCC as a measure of WNK4 activity. In contrast, the effect of WNK4 on NKCC2 was more robust and reproducible. This was the reason that we chose NKCC2 over NCC to assess WNK4 activity. This does not mean that the R1185C mutation does not affect NCC, the primary target of WNK4. In fact, the effect of R1185C mutation on NCC has been reported previously (3) . The sequence similarity between NCC and NKCC2 indicates that they may share similar mechanisms in response to the regulation of WNK4, although this needs to be verified using an improved experimental system.
In conclusion, the R1185C mutation decreases Ca 2ϩ /CaM binding to WNK4 and alters the SGK1 phosphorylation of WNK4. These alterations may simply reflect the perturbation of an inhibitory domain that harbors these regulatory elements in the COOH-terminal region of WNK4.
